Research on interval timing strongly implicates the cerebellum and the basal ganglia as part of the timing network of the brain. Here we tested the hypothesis that the brain uses differential timing mechanisms and networks-specifically, that the cerebellum subserves the perception of the absolute duration of time intervals, whereas the basal ganglia mediate perception of time intervals relative to a regular beat. In a functional magnetic resonance imaging experiment, we asked human subjects to judge the difference in duration of two successive time intervals as a function of the preceding context of an irregular sequence of clicks (where the task relies on encoding the absolute duration of time intervals) or a regular sequence of clicks (where the regular beat provides an extra cue for relative timing). We found significant activations in an olivocerebellar network comprising the inferior olive, vermis, and deep cerebellar nuclei including the dentate nucleus during absolute, duration-based timing and a striato-thalamo-cortical network comprising the putamen, caudate nucleus, thalamus, supplementary motor area, premotor cortex, and dorsolateral prefrontal cortex during relative, beat-based timing. Our results support two distinct timing mechanisms and underlying subsystems: first, a network comprising the inferior olive and the cerebellum that acts as a precision clock to mediate absolute, duration-based timing, and second, a distinct network for relative, beatbased timing incorporating a striato-thalamo-cortical network.
Introduction
The timing network of the brain has been shown to include the cerebellum, basal ganglia, and premotor and prefrontal cortical areas (Lewis and Miall, 2003; Buhusi and Meck, 2005) . Among these, the cerebellum and the basal ganglia are consistently activated in perceptual timing tasks Harrington et al., 1998) . The cerebellum has been specifically implicated in discrete encoding of time intervals (Ivry, 1993; Grube et al., 2010a,b) , whereas the basal ganglia have been specifically implicated in the perception of rhythmic sequences with a regular beat (Grahn, 2009) .
Along with the cerebellum, the inferior olive is also suggested to be involved in interval timing (Yarom and Cohen, 2002; Xu et al., 2006; Liu et al., 2008) . The source of climbing fiber input to the Purkinje cells, the olivary neurons display rhythmic subthreshold membrane potential oscillations (Llinás and Yarom, 1981) , which are synchronized by electrical coupling between the olivary cells, resulting in dynamic, functional subgroups that form the basis for a synchronized timing device (Llinas et al., 1974; Yarom and Cohen, 2002) . On the other hand, the striatum has anatomical connections with the thalamus and the premotor and prefrontal cortical networks that might allow it to act as a "core timer" within a distinct system for timing (Matell and Meck, 2004; Meck et al., 2008 ). The precise nature of the timing functions of the olivocerebellar system or the basal ganglia has not been elucidated, and the two systems rarely have been directly compared in the same experiment.
Behavioral work has suggested that timing mechanisms in the brain may depend on the rhythmic context of time intervals Monahan and Hirsch, 1990; Yee et al., 1994; Pashler, 2001; McAuley and Jones, 2003) . One mechanism we studied is absolute, duration-based timing, where the absolute duration of individual time intervals (⌬T i ) is encoded discretely like a stopwatch. Our group recently demonstrated that patients with spinocerebellar ataxia type 6 and normal subjects with transcranial magnetic stimulation (TMS) applied over the medial cerebellum were specifically impaired on absolute timing tasks such as comparing the absolute duration of single intervals and not on relative timing tasks based on rhythmic sequences with a regular beat (Grube et al., 2010a,b) . We also studied relative, beat-based timing, where the perception of time intervals is facilitated by the presence of a regular beat (Essens and Povel, 1985; Yee et al., 1994) and individual intervals are encoded relative to the beat (⌬T i /T beat ). The basal ganglia have consistently been implicated in the perception of time intervals relative to the beat duration (Grahn and Brett, 2007; Grahn and Rowe, 2009) .
In this functional magnetic resonance imaging (fMRI) experiment, we asked subjects to compare the duration of the last interval to the penultimate interval and varied the rhythmic context of the preceding intervals to be irregular or regular (Yee et al., 1994; Jones and Yee, 1997; Large and Jones, 1999; Barnes and Jones, 2000) and tested our hypothesis that the olivocerebellar system mediates absolute, duration-based timing, whereas the striato-thalamo-cortical system mediates relative, beat-based timing.
Materials and Methods
Subjects. Eighteen right-handed subjects (aged 18 -46 years; mean age, 22.17 years; nine females) with normal hearing and no history of audiological or neurological disorders provided informed written consent and participated in the experiment. Twelve subjects had no formal musical training, whereas six subjects had musical training as a child for an average of 3 years but no current musical training. The study was approved by a National Health Service Research Ethics Committee (ref. 07/Q0905/30).
Stimuli. The stimulus consisted of a sequence of clicks of 0.5 ms duration and identical loudness (Fig. 1) . The number of clicks per sequence was roved between 8 and 11 clicks and the average inter-onset interval (IOI) of sequences was roved between 440 and 560 ms in steps of 30 ms. The irregular sequence of intervals was created by jittering the IOI by an average of Ϯ15% and incorporating a time difference of 30% of the IOI of the penultimate interval, T nϪ1 , into the last interval, T n . The regular sequence of intervals was characterized by the presence of an isochronous beat with no jitter and had a time difference of 15% of the IOI between the penultimate (and preceding) and the last interval. Although it is sometimes possible to perceive a beat even in jittered sequences, the above stimulus parameters were carefully tested in pilot experiments to eliminate any beat-based percept in the irregular sequences. Pilot behavioral data suggested that for the same time difference between the final and the penultimate interval, subjects' timing performance on the regular sequences was significantly better than for the irregular sequences. The parameters for the time difference between the last two intervals of the regular and irregular sequences were thus based on extensive pilot testing to ensure comparable performance levels for the timing of the two types of sequences.
Forty irregular and regular sequences each were created that differed according to the total number of intervals in the sequence (four values from 7 to 10 intervals), the number of different interonset intervals (five values: 440, 470, 500, 530, and 560 ms) , and the relative duration of the final interval compared to the penultimate interval (two possibilities: shorter or longer), and the combination of variations in these parameters was completely balanced. Forty silent sequences were also created to be used as control trials to check for auditory cortex activations in this sparse imaging paradigm. All stimuli were created digitally using MATLAB 7.9 software (MathWorks) at a sampling rate of 44.1 kHz and 16 bit resolution.
Task. Subjects were required to judge whether the last interval was shorter or longer than the penultimate interval. Feedback was provided after each trial. The rhythmic context of the intervals before the last two intervals was either irregular or regular (containing a beat) and allowed investigation of the effect of regularity of the rhythmic context on interval timing. For the irregular sequences, we hypothesized that subjects would encode each interval separately, whereas for the regular sequences, we hypothesized that subjects would entrain with the underlying beat and time intervals relative to it.
Experimental design. Before scanning, the subjects read an instruction sheet and had the experimental procedure explained to them. They were not explicitly informed about the difference in the rhythmic context between the two types of sequences. This was done to ensure that subjects performed the timing task without any knowledge of the rhythmic context and to check for corresponding activations in the cerebellum and striatum according to our a priori hypothesis. Subjects were trained on a set of 10 -30 practice trials until they achieved a mean accuracy of at least 60% for both types of sequences.
The task of the subjects was to discriminate between the duration of the last and the second-to-last interval for all the sound sequences. They were instructed to use one index finger to indicate if the last interval was shorter than the second-to-last interval by pressing the top button of a keypad and to use the other index finger to indicate if the last interval was longer than the preceding interval by pressing the second button of the keypad. The use of left and right index fingers was counterbalanced across all subjects. For the silent trials, subjects were asked to press either of the two buttons using either index finger.
The imaging experiment lasted ϳ1 h and consisted of a short practice session followed by a single block in which the irregular and regular sequences were presented. Subjects were given 10 practice trials within the MRI scanner to familiarize them with the task under scanning conditions. The 40 irregular sequences were interleaved with 20 silent trials and were presented in the first half of the scanning session. The 40 regular sequences were interleaved with another 20 silent trials and were presented in the second half of the scanning session. Subjects were given feedback on their performance on each trial. There was no break in scanning or any explicit instruction about the change in presentation from irregular to regular sequences at the halfway stage.
Stimuli were presented via Nordic NeuroLab electrostatic headphones at an rms sound pressure level of 85-90 dB. Subjects were instructed to keep their eyes open during the scanning because the prompt for response with varying total number of intervals was communicated visually.
At the end of the experiment, subjects were questioned with respect to the use of any mental strategy to perform the task and whether they had perceived any difference in the temporal regularity of the sequences presented during the entire scanning session. A, A sequence of clicks with an average of 15% jitter was used to study absolute, duration-based timing. Subjects were required to compare the duration of the final interval, T n , to the penultimate interval, T nϪ1 , where the final interval, T n , incorporates a difference (⌬T ) of 30% of the inter-onset interval from that of the preceding interval such that T n ϭ T nϪ1 Ϯ ⌬T 30% . B, A sequence of clicks with no jitter is used to study relative, beat-based timing. Subjects were required to compare the duration of the final interval, T n , to the penultimate interval, T nϪ1 , where the final interval, T n , incorporates a difference (⌬T ) of 15% of the inter-onset interval from that of the preceding interval such that T n ϭ T nϪ1 Ϯ ⌬T 15% .
Figure 2. Functional imaging paradigm. The stimulus was presented in quiet using a sparse temporal sampling paradigm. The stimulus occurred 5-8 s after the onset of silence and varied according to the inter-onset interval and the total number of intervals in the sequence. Stimuli were preceded by a variable period of silence on each trial so that the combined duration of silence and stimulus was constant and equal to 11 s. A fixed latency of 4 s from the stimulus offset to the acquisition of the middle slice (at t ϭ 15 s) was used to have the peak of the hemodynamic response function optimally time locked to the perceptual timing response rather than the later motor response with minimal overlap in their HRFs. The TR is 16.44 s, and the TA is 2.88 s.
Behavioral data analysis. Subjects' button presses were recorded to obtain a measure of accuracy and reaction time. Responses were registered only if they occurred within the 3 s response window, and only the first button press was evaluated as the response. Both accuracy and reaction times were analyzed separately for the irregular and regular sequences of intervals.
Image acquisition. Gradient-weighted echo planar images (EPIs) were acquired on a 3 Tesla Siemens Allegra MRI scanner using a sparse imaging design with the following parameters: 48 contiguous slices per volume; time to repeat (TR), 16.44 s; time to echo (TE), 30 ms; time for acquisition (TA), 2.88 s; flip angle ␣, 90°; matrix size, 64 ϫ 72; slice thickness, 2 mm with 1 mm gap between slices; and in-plane resolution, 3.0 ϫ 3.0 mm 2 . The slices were tilted by Ϫ7°(transverse Ͼ coronal) to obtain full coverage and an optimal signal from the cerebellum. This tilt captured the whole cerebellum in all the subjects tested in the study. Subjects completed one scanning session consisting of 122 volumes. To correct for geometric distortions in the EPI caused by magnetic field variations (Hutton et al., 2002) , field maps were acquired for each subject with a double-echo gradient echo field map sequence (TE 1 ϭ 10.00 ms and TE 2 ϭ 12.46 ms). A T1-weighted structural scan was acquired for each subject after the functional scan (Deichmann et al., 2004) .
A sparse temporal sampling design was used ( Fig. 2) to present the auditory stimuli in quiet and to record responses unaffected by the scanner noise (Belin et al., 1999; Hall et al., 1999) . The total duration of the stimulus ranged from 3 to 6 s, depending on the IOI and the total number of intervals in the sequence. Each stimulus was preceded by a variable period of silence so that the combined duration of silence and stimulus was fixed at 11 s for all trials. Stimulus presentation was followed by a response period of 3 s and a feedback period of 0.5 s. Volume acquisition started at t ϭ 13.56 s so that the middle-slice acquisition (with a TA of 2.88 s) always occurred at t ϭ 15 s. The time course of the blood oxygenation level-dependent (BOLD) response was tested in pilot experiments and a fixed latency of 4 s from stimulus offset to the acquisition of the middle slice was selected to arrange for the peak of the slow hemodynamic response function (HRF) to be time locked to the end of the stimulus presentation. This ensured that the peak of the BOLD signal captured the perceptual timing response rather than the subsequent motor response with a minimal overlap in their HRFs.
Image analysis. Imaging data were analyzed using statistical parametric mapping software (SPM8; Wellcome Trust Centre for Neuroimaging). The first two volumes were discarded to control for saturation effects. The resulting 120 volumes were realigned to the first volume and unwarped using the field map parameters. The structural scan was segmented to obtain a bias-corrected structural image, which has more uniform intensities within the different tissue classes: gray matter (GM), white matter (WM), and CSF. The GM, WM, and CSF images were used to skull strip the bias-corrected structural scan, which was coregistered with the mean functional image obtained after realignment. Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL), an image registration algorithm within SPM8 that provides more precise intersubject alignment and improved fMRI data analysis, was used to create a series of templates using the GM and WM images (Ashburner, 2007) . The final template obtained in the previous step was affine registered with the tissue probability maps released with SPM8 so that the resulting spatially normalized images were more closely aligned to Montreal Neurological Institute (MNI) space (Friston et al., 1995a) . The resultant images were smoothed with an isotropic Gaussian kernel of 5 mm full-width at half-maximum.
Statistical analysis was conducted using the general linear model as described by Friston et al. (1995b) . The trials based on irregular and regular sequences and the silent trials interleaved within either block were modeled as effects of interest and convolved with an HRF boxcar function. Missed trials were modeled separately as conditions of no interest separately for the irregular and regular sequences and were used to remove unwanted variance. High-pass filtering was not applied because low-frequency variations in the BOLD signal were negligible because of the sparse temporal sampling design.
A whole-brain random-effects model was implemented to account for within-subject variance (Penny and Holmes, 2004) . Each individual subject's first-level contrast images were entered into second-level t tests for the primary contrasts of interest: "irregular versus regular" (measure of absolute timing) and regular versus irregular (measure of relative timing). t tests for contrasts of the regular and irregular sequences relative to silent trials were also computed. Functional results are overlaid onto the group-average T1-weighted structural scans, and activations specific to the olivocerebellar system are overlaid on the high-resolution, spatially unbiased infratentorial template (SUIT) atlas of the human cerebellum (Diedrichsen, 2006; Diedrichsen et al., 2009) .
Results
The data were analyzed to test our prediction of a functional dissociation in the neural substrates underlying absolute, duration-based timing and relative, beat-based timing. Behaviorally, we expected no significant differences in performance between the two. For the functional imaging data, we specifically hypothesized the olivocerebellar system to be activated for the timing of the irregular sequences, where the absolute duration of each interval is encoded discretely, and the basal ganglia to be activated for the timing of the regular sequences, where the presence of an isochronous beat provides a beneficial cue for the timing of intervals relative to the beat duration.
Behavioral results
Behavioral performance for accuracy for the perceptual timing of irregular and regular sequences was measured. The average accuracy for the timing of irregular sequences of intervals was 81.53 Ϯ 12.28%, and the average accuracy for the timing of regular sequences was marginally better at 84.72 Ϯ 10.64%. The performance scores were not statistically different from one another ( p Ͼ 0.05; two-tailed Student's t test).
The average reaction time for the timing of irregular sequences was 1438 Ϯ 297 ms, and the average reaction time for the timing of regular sequences was significantly lower at 1275 Ϯ 312 ms ( p Ͻ 0.01; two-tailed Student's t test). Local maxima for absolute, duration-based timing are shown at p Ͻ 0.001 (uncorrected).
A review of the post-scanning subjective reports indicated that the majority of the subjects did not notice any difference in the temporal regularity of the sequences presented to them during the first or the second half of the experiment.
Imaging results

Absolute, duration-based timing
The analysis for the irregular-versusregular contrast revealed significant bilateral activations in the inferior olive, cerebellar lobules IX and X, vermis, deep cerebellar nuclei including the dentate nucleus, superior temporal gyri, and the cochlear nucleus (see Table 1 ). This pattern of olivocerebellar activations is shown in Figure 3 as overlaid on the SUIT template. Moreover, within the inferior olive, we observed an interesting gradient in activation such that the superior parts of the inferior olive (e.g., t ϭ 6.64 at coordinates 0, Ϫ36, Ϫ57) were more strongly activated than the inferior areas (e.g., t ϭ 4.15 at coordinates 0, Ϫ36, Ϫ47).
Relative, beat-based timing
For the regular-versus-irregular contrast, we found significant bilateral activations in a striato-thalamo-cortical network comprising the putamen, caudate nucleus, thalamus, supplementary motor area (SMA), dorsal premotor cortex, and dorsolateral prefrontal cortex (DLPFC) as shown in Figure 4 (see Table 2 ). In the striatum, stronger activation was observed in the left putamen and the caudate nucleus.
Dissociation between absolute and relative timing
The dissociation in the brain areas underlying duration-based timing (above the tentorium) and beat-based timing is revealed by the respective MNI glass brain images at a t-value threshold of 4.00 and an extent threshold of 10 voxels (Fig. 5 A, B) . The dissociation is highlighted further in Figure 5C , where yellow blobs depict olivocerebellar activations for duration-based timing and green blobs depict striatothalamo-cortical activations for beat-based timing on a sagittal section of the mean normalized structural image at x ϭ 7 mm and a threshold of p Ͻ 0.01 (uncorrected).
The varied IOI and the number of intervals also had smaller contextual effects on the accuracy and reaction time for durationbased and beat-based timing (supplemental Figs. S1, S2, available at www.jneurosci.org as supplemental material). The highest accuracy was obtained for beat-based timing, with an IOI of 500 ms (89.48 Ϯ 9.86%), and the lowest reaction times were obtained for beat-based timing, with nine preceding intervals before the last interval (1229.70 Ϯ 385.63 ms).
The contrast images for the regular and irregular trials with respect to the silent trials confirmed activation of auditory cortical and association areas as Heschl's gyrus and planum temporale were activated bilaterally in both contrasts. This confirmed that the sparse auditory stimuli produced clear auditory cortical activation with no differential activation between conditions.
Discussion
We used a novel auditory timing task to compare the timing functions of the cerebellum and the basal ganglia. Consistent with our a priori hypothesis, we observed the olivocerebellar and the striato-thalamo-cortical systems to be differentially involved in duration-based and beat-based timing, respectively.
Duration-based versus beat-based timing
Behavioral work has suggested that duration-based timing and beat-based timing may be functionally different (Pashler, 2001; Ivry et al., 2002; McAuley and Jones, 2003) . Pashler (2001) suggested that the brain uses a single interval timer that can be differentially recruited (in a cyclic manner) to generate rhythmic responses. A regular beat can serve as a beneficial cue and aid judgment about temporal changes (Essens and Povel, Figure 3 . Olivocerebellar activations specific to absolute, duration-based timing. BOLD activations for absolute, duration-based timing (irregular vs regular) are shown in series of sagittal sections. Significant activations were found in the olivocerebellar network comprising the inferior olive, cerebellum, and the deep cerebellar nuclei at a threshold of p Ͻ 0.001 (uncorrected). The sections show activations at every 2 mm from x ϭ Ϫ10 mm to x ϭ ϩ10 mm as overlaid on the SUIT template of the human cerebellum (Diedrichsen, 2006) . The strength of activations (t-value) is graded according to the color scheme at the bottom right.
1985; Yee et al., 1994; Grahn and Brett, 2007) . We also found that subjects performed better for regular than for irregular sequences when presented with identical time difference between the last two intervals (see Materials and Methods).
The existence of duration-based and beat-based timing mechanisms is supported by previous work. Monahan and Hirsch (1990) suggested a similar difference in measures of "absolute" (⌬t; fixed absolute difference) and "relative" (⌬t/t; constant proportion) discrimination of temporal changes in a sequence of intervals. Yee et al. (1994) showed that contextual factors influence listeners' performance on a time-change detection task, in which they were more accurate in detecting temporal changes in regular sequences than in irregular sequences. Here, we induced a preceding rhythmic context (Large and Jones, 1999; Barnes and Jones, 2000) and varied it to be either irregular or regular to isolate duration-based and beat-based timing mechanisms, respectively.
In relation to the timing of movements, Ivry et al. (2002) described "event timing" as being associated with a discrete representation of time intervals that is needed in perceptual timing Figure 4 . Striatal, thalamic, premotor, and prefrontal activations specific to relative, beat-based timing. BOLD activations for relative, beat-based timing (regular vs irregular) are shown in a series of coronal sections. Significant activations were found in the striatum, thalamus, premotor cortex, SMA, and prefrontal areas including the DLPFC at a threshold of p Ͻ 0.001 (uncorrected). The sections show activations at every 1 mm from y ϭ Ϫ8 mm to ϭ ϩ20 mm as overlaid on the average normalized structural scan of all subjects. The strength of activations (t-value) is graded according to the color scheme at the bottom right.
tasks such as duration discrimination and "emergent timing" as being associated with the processing of a temporal regularity or a beat in the sequence to be timed. The authors suggested that tasks requiring an explicit or discrete representation of time intervals such as the temporal control of a series of discrete movements involve the cerebellum and that temporal control of rhythmic and continuous movements might be subserved by cortical networks and not the cerebellum (Spencer et al., 2003) . Complementary to this dissociation in timing of movements, here we report a functional dissociation in perceptual timing with no explicit linked motor output such as tapping.
Role of the olivocerebellar system
The inferior olive has remarkable cellular and network properties that make it an ideal generator of temporal patterns (Yarom and Cohen, 2002; Jacobson et al., 2008) . The intrinsic voltage-gated conductances present in olivary neurons sustain rhythmic subthreshold membrane potential oscillations at ϳ5-15 Hz and enable them to generate a timing signal (Llinás and Yarom, 1981) . These oscillations are synchronized by electrical coupling between the olivary cells and organize them into temporally coherent groups (Llinas et al., 1974) . The electrical coupling coefficient is controlled by GABAergic projections from the deep cerebellar nuclei, which synapse directly on the gap junctions between olivary cells and organize them into dynamic, functional subgroups. The deep cerebellar nuclei receive inhibitory input from the cerebellar Purkinje cells, which in turn receive climbing fiber afferents from the olivary cells, thus forming a dynamic network capable of producing accurate timing signals (Welsh et al., 1995) .
Inferior olive activity has been reported previously in fMRI studies of perceptual timing based on visual sequences (Xu et al., 2006; Liu et al., 2008) . Here, we observed significant inferior olive activation for auditory timing of irregular sequences without an apparent beat in contrast to the timing of regular sequences with an isochronous beat. Xu et al. (2006) found similar inferior olive activity in a perceptual timing task when they contrasted timing of metrical rhythmic sequences to timing of isochronous sequences. Moreover, the inferior olive has been suggested to mediate adaptive timing of the classically conditioned, eye-blink response and the vestibulo-ocular reflex (Ito et al., 1970) . The sole source of climbing fiber input to the Purkinje cells, the inferior olive has been shown to subserve error-based learning by mediating long-term depression of the parallel fiber input to the Purkinje cells (Ito et al., 1982) . Together, these results suggest a possible role for the olivocerebellar system in detecting errors in the regular operation of a beat-based timer in the striatum.
In addition to the inferior olive, we found strong activations in the cerebellum, which has been widely implicated in interval timing Nichelli et al., 1996; Ivry et al., 2002; Grube et al., 2010a,b) . Its specific role in absolute, duration-based timing was demonstrated in patients with spinocerebellar ataxia type 6 by Grube et al. (2010a) , who used a battery of auditory timing tasks based on duration-based or beat-based timing mechanisms and found a significant impairment only on the duration-based timing tasks (e.g., comparing the absolute duration of single intervals) and not on relative timing of rhythmic sequences based on a regular beat. This pattern of results was replicated in a TMS study on normal subjects who were selectively impaired on the same absolute timing task after application of TMS over the medial cerebellum (Grube et al., 2010b) . We also found activations in the dentate nucleus, the main output nucleus of the lateral cerebellar hemispheres, which has been postulated to mediate perceptual timing and sensory discrimination Gao et al., 1996; Middleton and Strick, 2001; Gooch et al., 2010) . It can also influence timing functions in the basal ganglia through its disynaptic projections to an input stage of the basal ganglia, the striatum (Hoshi et al., 2005) . The observed activation in the dentate nucleus is also significant in light of its projections to the principal olive (Kalil, 1979) , which is suggested to be preferentially involved in perceptual timing, unlike the dorsal and medial accessory olives, which are instead suggested to mediate motor timing (Xu et al., 2006) .
The inferior olive receives visual input (Takeda and Maekawa, 1980; Leonard et al., 1988) , auditory input from the cochlear nucleus (Kandler and Herbert, 1991) , and bilateral afferents from the caudate nucleus and the cerebral cortex (Walberg, 1956 ). Together, these results suggest that the inferior olive in association with the cerebellum is in a suitable position to serve as a supramodal, duration-based timer.
Role of the striato-thalamo-cortical system
The striatum and the pre-SMA/SMA, which are strongly connected through striato-thalamo-cortical loops, have been implicated in many studies of beat perception with a specific role for the putamen and caudate nucleus in beat perception (Grahn and Brett, 2007; Grahn, 2009) . We observed significant activations in the striatum, thalamus, the SMA, and the DLPFC, suggesting a role for the core, striato-thalamo-cortical timing network in beat-based timing (Macar et al., 2004; Meck et al., 2008) . Our behavioral results of higher accuracy and speed for beat-based timing (optimal performance at a beat rate of 2 Hz) (see supplemental Figs. S1 A, S2A, available at www.jneurosci.org as supplemental material) suggest that a beat-based clock is more efficient.
The role of striatum is substantiated by neuropharmacological evidence suggesting that the nigrostriatal dopaminergic system is critical for interval timing. Dopaminergic manipulations are known to affect timing functions (Meck, 1996) and it has been shown that 6-hydroxydopamine lesions in the substantia nigra pars compacta or in the caudate/putamen eliminated timing functions (Meck, 2006) . Additionally, the role of dopamine in timing is highlighted by impaired performance of patients of Parkinson's disease on time (Artieda et al., 1992) and rhythmic discrimination tasks (Grahn and Brett, 2009) .
Furthermore, the basal ganglia have been suggested to monitor activity in the striato-thalamo-cortical circuits and perform coincidence detection of signal-specific patterns of activity in working memory (Buhusi and Meck, 2005) . The coincidental activation of medium spiny neurons in the basal ganglia by cortical oscillators has led to the suggestion of timing as an emergent property of the striato-thalamo-cortical network (Matell and Meck, 2004) .
The SMA has been implicated widely in time processing (Macar et al., 2002 (Macar et al., , 2004 (Macar et al., , 2006 as well as beat processing (Grahn and Brett, 2007; Chen et al., 2008; Grahn and McAuley, 2009 ) and plays a key role in time perception as part of the striato-thalamocortical pathway. The SMA is one of the primary projection sites of the striatum to the cortex via the globus pallidus and the thalamus, and its suggested role in perceptual timing is further supported by its direct connections with the putamen and caudate nucleus (Jürgens, 1984) and the dentate nucleus of the cerebellum (Akkal et al., 2007) .
We also observed significant activation of the DLPFC, specifically for the timing of the regular sequences containing a beat. The DLPFC receives inputs from both the dentate nucleus of the cerebellum (Middleton and Strick, 2001 ) and the basal ganglia (Middleton and Strick, 2002) . Its activation is consistent with its proposed timing role as part of the striato-thalamo-cortical network (Buhusi and Meck, 2005) , where it may facilitate beat-based timing by encoding the beat duration into working memory.
